Introduction
The Sumatran plate boundary offshore Sumatra, Indonesia, is a result of the oblique subduction of the Indian and Australian subplates beneath the Sunda plate at variable rates of 5-6 cm/yr [DeMets et al., 2010] . The oblique subduction is manifested principally by two large-scale subparallel tectonic structures-the Sunda megathrust and the Sumatran fault. The Sunda megathrust primarily accommodates the trench-normal component of oblique convergence by thrust motion, while the Sumatran fault accommodates a significant amount of the trench-parallel component by right-lateral shear motion [e.g., Fitch, 1972; McCaffrey, 1991 McCaffrey, , 1992 .
Despite the existence of these large-scale tectonic structures, the Sumatran plate boundary was seismically relatively inactive from 1963 to 2003 (Figure 1 ). According to the Advanced National Seismic System (ANSS) composite catalog (http://quake.geo.berkeley.edu/cnss/), during this 40 year period, the Sumatran plate boundary (area defined in Figure 1 ) experienced no M8, 11 M7, and 65 M6 earthquakes. In contrast, the Sumatran plate boundary has been extremely active in the decade following the 2004 M w 9.2 Sumatra-Andaman earthquake. During this much shorter 10 year period, the area experienced 5 M8, 9 M7, and 89 M6 earthquakes. This recent high seismic activity has made the Sumatran plate boundary one of the most seismically active convergent plate boundaries worldwide in the time of modern observation networks.
In order to monitor this highly active plate boundary, the Sumatran GPS Array (SuGAr), a regional continuous GPS (cGPS) network, was established and continuously expanded since 2002 (Figure 2 ). The vast majority of the SuGAr stations are located on the Sumatran fore-arc islands and the west coast of Sumatra, directly above the Sunda megathrust and adjacent to the Sumatran fault. The SuGAr network has been able to record the spatial pattern of coseismic deformation associated with not only large to great earthquakes (M ≥ 7) but FENG ET AL.
GEODETIC EARTHQUAKE CATALOG FOR SUMATRA [Chlieh et al., 2007] , the 2005 Nias-Simeulue earthquake [Konca et al., 2007] , the 2010 Mentawai earthquake [Hill et al., 2012] , and the 2007 Bengkulu earthquake [Konca et al., 2008] . Blue lines show rupture segments of the 2012 Wharton Basin earthquakes [Hill et al., 2015] . Dashed black lines mark major segment boundaries along the Sunda megathrust. The dotted line separates the unbroken part of the Mentawai segment from the part that broke in the 2007 earthquake. Thin gold lines are slab contours at 20 km intervals from Slab1.0 [Hayes et al., 2012] . ( also many moderate earthquakes (6 ≤ M < 7) in unprecedented detail. Moreover, as the SuGAr records continuously, it has also been able to record decaying postseismic deformation that occurred immediately after many Sumatran earthquakes.
To date, the SuGAr network has recorded more than a decade of daily position measurements. However, this long rich data set has not been fully analyzed yet. Previously, researchers commonly used only pieces of the SuGAr time series to study deformation associated with one or several earthquakes of their interest [e.g., Banerjee et al., , 2007 Briggs et al., 2006; Hsu et al., 2006; Konca et al., 2008; Lubis et al., 2013; Wiseman et al., 2011 Wiseman et al., , 2012 , and most of these researchers estimated preseismic rates, coseismic offsets, or postseismic decays separately. Thus, to the best of our knowledge, no one has yet included preseismic rates and all the coseismic and postseismic deformation in one parameter space to fit the full time series of each SuGAr station in one single optimization procedure or tackled the challenging task of separating all the temporally and spatially varied signals in the data. Furthermore, most of the previous studies focused on great earthquakes; therefore many recorded moderate-to-large earthquakes and their ensuing postseismic deformation have never been studied or even discovered in the SuGAr time series before.
In this paper, we use nonlinear curve fitting to systematically analyze the SuGAr daily position time series for the period from August 2002 through the end of 2013, in order to consistently and completely quantify deformation from all the recorded earthquakes, including not only the great and large earthquakes but also many smaller events. After carefully identifying all the earthquakes recorded by the SuGAr, we simultaneously determine all the coseismic displacements and postseismic decays, along with long-term rates and seasonal signals, by finding the best fit of a functional representation of these contributions to the time series.
FENG ET AL. GEODETIC EARTHQUAKE CATALOG FOR SUMATRA Our results include (1) the first self-consistent geodetic earthquake catalog that provides a rich spatial and temporal earthquake cycle database for future studies of the physics and dynamics of the Sumatran plate boundary, (2) long-term rates that can indicate the degree of coupling on the megathrust, and (3) postfit residuals that can be used in searching for transients. In this paper, we focus only on (1), and we discuss (2) and (3) in two subsequent papers.
The main purpose of this paper is to provide a resource for researchers who wish to study and better understand Sumatran earthquakes. This resource provides researchers with coseismic offsets that can be used for modeling coseismic slip distribution. It also provides functional parameters of postseismic deformation that has had other tectonic and nontectonic signals removed as accurately and completely as possible, so this catalog is not only the geodetic equivalent of a seismic catalog but also an aseismic catalog.
GPS Data
In this paper, we used GPS data from 37 SuGAr stations for the period from August 2002 through the end of 2013. We excluded new stations installed after 2010 but included two old stations (LHWA and PBAI) that do not exist any more. In addition, we used data from one International GNSS Service (IGS) station (NTUS) and another station (SAMP) operated by the Indonesian National Coordination Agency for Surveys and Mapping, for the period of the late 1990s to the end of 2013. The Receiver Independent Exchange Format (RINEX) files of SuGAr data are available for public download at ftp://eos.ntu.edu.sg/SugarData with a latency of 3 months. The early data are also archived at the Scripps Orbit and Permanent Array Center.
GPS Processing Strategy
We reprocessed data from a total of 39 cGPS stations (Table 1 ) using the GPS-Inferred Positioning System and Orbit Analysis Simulation Software (GIPSY-OASIS) version 6.2 from the Jet Propulsion Laboratory (JPL) and JPL final precise satellite orbits and clocks [Zumberge et al., 1997] . IGS08 absolute phase center variations were simultaneously applied to both satellite and receiver antennas [Schmid et al., 2007] . Tidal effects from solid Earth, pole, and ocean tides were modeled and corrected. Ocean tide loading was calculated by the Onsala Space Observatory (http://holt.oso.chalmers.se/loading/) using the FES2004 model with respect to the center of mass of the solid Earth, atmosphere, and ocean combined [Lyard et al., 2006] . Tropospheric wet zenith delays and horizontal gradients were estimated as random-walk parameters [Bar-Sever et al., 1998 ]. Tropospheric zenith delays were mapped to slant delays down to a minimum elevation angle of 7
• using the updated Vienna mapping functions in a grid file database (VMF1GRID) [Boehm et al., 2006] . Single-receiver ambiguity resolution was applied to resolve phase ambiguities [Bertiger et al., 2010] .
The resulting daily positions in the International Terrestrial Reference Frame 2008 (ITRF2008) [Altamimi et al., 2011] were transformed to the Sunda plate reference frame [Altamimi et al., 2012] for further analysis. Such reference frame transformation is always necessary to represent long-term rates and postseismic deformation, but it does not affect coseismic offset estimation in any way. The adopted ITRF2008-Sunda transformation, which was derived from only two stations and so has a relatively large uncertainty [Altamimi et al., 2012] , was the only one available for ITRF2008 at the time of writing.
Since we made efforts to model most nontectonic physical signals directly and in order to maximally preserve the spatial and temporal signatures of tectonic signals, we did not apply any postprocessing filtering to the daily solutions in this paper.
Methods

Parameterization
Our daily position time series consist of three main signals: (1) long-term rates, (2) seasonal signals, and (3) earthquake-related signals that include coseismic and postseismic deformation. For many other networks, long-term rates presumably represent background interseismic rates. However, most of the SuGAr stations were installed shortly before or even after the great earthquakes, so the rates observed here are unlikely to represent interseismic behavior. We therefore use the phrase "long term" instead of "interseismic" to describe rates in this paper.
In order to fit the time series, we used analytical expressions to parameterize each of the different signals. Postseismic deformation can be explained by different driving mechanisms. The widely accepted mechanisms include rate-and-state frictional afterslip at, updip, or downdip of coseismic rupture patches [e.g., Marone et al., 1991; Bürgmann et al., 2002; Hearn et al., 2002; Perfettini and Avouac, 2004; Barbot et al., 2009] , poroelastic recovery due to pore fluid flow in fluid-infiltrated fault zones [e.g., Peltzer et al., 1996 Peltzer et al., , 1998 Jónsson et al., 2003] , and distributed or localized viscoelastic relaxation in the lower crust and upper mantle driven by coseismic FENG ET AL. GEODETIC EARTHQUAKE CATALOG FOR SUMATRA b Numbers of earthquakes recorded with offsets only (Co), offsets and one postseismic decay (Po1), and offsets and two postseismic decays (Po2). c Root-mean-square (RMS) misfits when using one logarithmic decay (Log1), using two logarithmic decays (Log2), using either one or two exponential decays (Exp1-2), and using one logarithmic plus one exponential decay (LogExp). stress changes [e.g., Nur and Mavko, 1974; Pollitz et al., 2000 Pollitz et al., , 2001 Freed and Bürgmann, 2004] . Unequivocally discriminating between different mechanisms used to be difficult when only limited geodetic data were available [Thatcher, 1983; Savage, 1990] ; however, it has become increasingly possible with an improved coverage of high-precision three-dimensional displacement data [Hearn, 2003; Jónsson, 2008] . In some cases, one mechanism and only this mechanism is adequate to explain the observations (e.g., following the 2004 M w 6.0 Parkfield earthquake [Freed, 2007] ); in some other cases, none of the mechanisms alone seem to fully explain all the observations (e.g., following the 2002 M w 7.9 Denali earthquake [Freed et al., 2006] and the 1999 Chi-Chi M w 7.6 earthquake [Rousset et al., 2012] ). Therefore, two or more mechanisms might be involved in postseismic processes. The involved different mechanisms might be characterized by different decay times. In addition, one mechanism may not have a constant decay time but a spectrum of decay times [Savage and Langbein, 2008] .
Despite the differences in the proposed mechanisms, the temporal evolution of postseismic deformation can be approximately described in a simple empirical form either logarithmically [ [Marone et al., 1991] or ordinary low-temperature transient creep [Savage et al., 2005 [Savage et al., , 2007 , while the exponential dependence may at times be considered related to viscous flow at depth [Thatcher, 1983] . However, no conclusive evidence can support that either form is indicative of the physical mechanism(s) behind it. We prefer to use these simple forms to represent postseismic deformation in the time series, because our purpose is not to distinguish between different mechanisms but to quantify the spatiotemporal pattern of postseismic processes.
Step 1: Earthquake Identification
Unlike time series in many other places that are dominated by linear trends, and one or two earthquakes, the SuGAr time series are punctuated by many earthquakes that are often embedded within the postseismic decay of previous earthquake(s). And postseismic decays of several earthquakes frequently overlap each other. Thus, our first challenging step was to correctly identify all the earthquakes recorded in the SuGAr time series.
In this first step, we started from the ANSS catalog for the Sumatra region in the period from August 2002 through the end of 2013. By superimposing earthquake dates in the ANSS catalog over daily position time series, we manually correlated coseismic offsets and postseismic decays with potential causative earthquakes. None of the SuGAr stations had their antennas changed by the end of 2013; thus, no offsets were caused by equipment changes. But offsets can be induced by other nontectonic causes. In order to avoid mistakenly correlating unknown nontectonic signals with earthquakes, we carefully inspected earthquake magnitude, station-epicenter distance, and sometimes time series from nearby stations when correlating a signal with an earthquake. In order to identify subtle signals, first we removed large, easily distinguishable signals by estimating offsets, and if postseismic signals existed, we also removed logarithmic or exponential terms. The identified earthquakes were then used by the following second step to form a parameter space for each station.
Step 2: Simultaneous Nonlinear Fit
In the second step, we fitted the north, east, and vertical time series of each station in a single weighted nonlinear least squares optimization procedure to simultaneously estimate (1) long-term rates, (2) annual and semiannual seasonal signals, and (3) the identified coseismic and postseismic signals from the first step. We did not consider other signals or unknown instrumental problems. Note that we modeled the seasonal signals as having fixed amplitude and phase from year to year. According to our results, the amplitudes of seasonal signals are <1 mm for horizontal and 1-2 mm for vertical, respectively. These values are small compared to amplitudes in higher latitudes [e.g., Blewitt and Lavallée, 2002; Dong et al., 2002] ; thus, seasonal signals would not significantly influence our fits.
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We linked the three directional components by the same decay time , while was estimated separately for each station to represent local effects. The full observation equation for each component of one station is
where We tested fitting postseismic signals in up to three procedures. First, if the residual time series for the best fit model with only one postseismic decay looked reasonably flat within the scatter, we did no further testing. Second, if one postseismic decay could not provide visually adequate fits to the time series or an extremely large decay time (>1000 years) was needed to produce adequate fits, we tested whether adding a second decay improved the fits. We found that adding a second decay reduced the root-mean-square (RMS) misfits by between 0.01 and 2.28 mm for 16 stations ( Table 1 ). Note that adding a second decay usually produced two decay times: one that was shorter than when only a single decay time was used and another that was longer than when only a single decay time was used. Third, if neither one nor two decays provided visually adequate fits to the time series or at least one extremely large decay time was needed to produce adequate fits, we tested whether using one decay plus a rate change improved the fits. The second decay might suggest at least two characteristic decay times [Savage and Langbein, 2008] , while the rate change might indicate a slowly decaying relaxation term [Perfettini et al., 2005; Savage and Svarc, 2009] or changes in plate coupling [e.g., Nishimura et al., 2004; Prawirodirdjo et al., 2010 ].
Next, we tested whether logarithmic or exponential decays fitted the time series better. For three quarters of the 37 stations that recorded at least one postseismic signal, logarithmic decays fitted better than exponential decays, with RMS misfits reduced on average by 0.08 mm; however, for the remaining stations, exponential decays fitted only slightly better than logarithmic decays, with RMS misfits reduced on average by 0.01 mm (Table 1) . Overall, logarithmic decays fitted better than exponential decays, similar to the results of Kreemer et al. [2006a] for the 2005 Nias-Simeulue earthquake. For the 16 stations that needed a second decay, we further tested whether using one logarithmic decay plus one exponential decay improved the fits. We found that using logarithmic and exponential decays jointly neither systematically improved nor worsened the misfits (Table 1) . As a result, for each station, we chose a preferred functional representation that used one logarithmic decay for most earthquakes and two logarithmic decays for the others. Note that in the remainder of this paper, we consider the logarithmic form only.
Outlier Detection
Before fitting the time series, we carefully inspected the data quality. First, we discarded data recorded on the day of any of the earthquakes. Second, we flagged and removed daily points that had a formal error of any component three times larger than the 95th percentile average error of the respective component. We used the remaining points for the nonlinear weighted least squares fit. After the first iteration, we identified points that deviated too much from the best fit as outliers using the Chauvenet criterion [Taylor, 1997] . The Chauvenet criterion states that a point can be rejected if the probability that the point deviates from the [Dewey et al., 2007; Tilmann et al., 2010] . Colored patches delimit areas of main slip. Blue lines show rupture segments of the 2012 Wharton Basin earthquakes [Hill et al., 2015] . White circles are GPS stations.
current best fit is lower than 0.5 N (N is the total number of data points). A second iteration without the outliers was conducted to achieve the final best fit results.
Error Estimation
For nonlinear curve fitting, there is no simple way to propagate uncertainties in data to uncertainties in estimated parameters, so we used the Jacobian matrix J of the final iteration to represent the error propagation from data covariance C d to parameter covariance C m for the preferred functional representation [Aster et al., 2005] .
where J −g is the Moore-Penrose pseudoinverse, a generalized inverse of the Jacobian matrix J.
Geodetic Catalog
Using the daily position time series from 39 stations, we catalog a total of 30 earthquakes with magnitudes ranging from 5.9 to 9.2, including four great earthquakes (M ≥ 8) and six large earthquakes (7 ≤ M < 8) ( Figure 3 and Table S1 in the supporting information). Twenty out of the 30 earthquakes, including one M > 7 earthquake (the 2009 M w 7.6 Padang earthquake), generated detectable coseismic offsets, but not postseismic displacements, each recorded by between 1 and 24 GPS stations. The other 10 earthquakes generated both detectable coseismic and postseismic displacements. These 10 comprised eight M > 7 earthquakes on the Sunda megathrust, one M w 8.6 strike-slip earthquake under the Indian Ocean west of the Sunda trench (the 2012 Wharton Basin earthquake), and one M w 6.7 earthquake on the Mentawai back thrust. In addition, we identify four shadow earthquakes that were large enough to generate noticeable displacements, but whose displacements could not be separated from the signal of an earlier larger event, because the shadow events either occurred on the same day as the earlier event or fell in the early, high-rate postseismic transient of the earlier event ( Figure 3 and Table S1 ).
Our main catalog database is presented in Tables S1-S14. In the sections immediately below, we provide summaries for each cataloged earthquake. We start from the most extensively studied great earthquakes, continue with the less extensively studied large earthquakes, and complete with the mostly never studied moderate earthquakes.
Great Earthquakes 4.1.1. The 2004 M w 9.2 Sumatra-Andaman Earthquake
According to coseismic vertical motions derived from satellite images and microatoll measurements, the 2004 M w 9.2 Sumatra-Andaman earthquake extended ∼1600 km along the trench from under northern Simeulue at ∼2.5
• N to Preparis Island in Myanmar at ∼14.9
• N . Along this long rupture, coseismic slip was heterogeneous with distinct localized patches of high slip at different latitudes, and the largest slip exceeded more than 20 m offshore northwestern Sumatra in the south [e.g., Subarya et al., 2006; Chlieh et al., 2007; Fujii and Satake, 2007; Rhie et al., 2007; Sladen and Hébert, 2008; Hoechner et al., 2008; Lorito et al., 2010] . Such long rupture and large slip generated widespread deformation on an unprecedentedly large scale, with very clear coseismic offsets (several millimeters) detected more than 3000 km away from the epicenter Vigny et al., 2005; Hashimoto et al., 2006; Kreemer et al., 2006b] .
At the time of the 2004 earthquake, only 12 SuGAr stations had been installed. Since all of them were located south of the equator, 400-800 km southeast of the southern terminus of the 2004 rupture, the recorded magnitudes of coseismic displacements were very small. Nonetheless, our estimates of coseismic horizontal offsets for these 12 stations show less spatial scatter than those of Banerjee et al. [2007] , who estimated the offsets using data from 18 days before the earthquake to 9 days after. All of the island stations moved toward the southeast, with displacement decreasing southeastward from ∼18 mm at PSMK to ∼2 mm at SLBU, BSAT, and PRKB; and stations along the west coast of Sumatra moved mostly to the south, with displacement also decreasing southeastward from ∼3 mm at ABGS and PSKI to ∼1 mm at LNNG and MKMK (Figure 4) . In general, then, all the 12 SuGAr stations moved away from the rupture, in stark contrast to most other stations in Southeast Asia (e.g., SAMP and NTUS), which moved toward the rupture area [e.g., Hashimoto et al., 2006; Kreemer et al., 2006b ]. This contrast, we suggest, may be explained by the fact that these stations are aligned with the strike of the 2004 rupture.
Besides coseismic horizontal offsets, we also provide estimates of coseismic vertical offsets at the stations, not provided by any previous studies. Our estimates show that the 12 SuGAr stations subsided by 5-10 mm, indicating a broad region of subsidence southeast of the main rupture ( Figure 4 ).
We could not resolve any detectable postseismic transients at the 12 SuGAr stations, confirming the conclusion obtained by Subarya et al. [2006] ; however, had postseismic motion of the millimeter scale occurred, it would have been obscured by many data gaps during that time and the large deformation caused by the 2005 Nias-Simeulue earthquake only 3 months later.
In the near field of the southern main slip patch of the 2004 rupture, three stations (UMLH, LEWK, and SAMP) among the 39 we studied revealed significant postseismic deformation. UMLH, on the west coast of northwestern Sumatra, has been continuously uplifting at ∼3 cm/yr since the 2004 earthquake (Figure 5d ). According to satellite imagery Tobita et al., 2006] and campaign GPS measurements [Subarya et al., 2006] , the west coast of northwestern Sumatra subsided during the earthquake. The amount of coseismic subsidence at UMLH was likely between 23 and 58 cm, which were values recorded at the nearest campaign stations R174 and R175 [Subarya et al., 2006] (Figure 5a ). Therefore, the first decade of postseismic uplift at UMLH seems to have reversed all or most of the coseismic subsidence. Meanwhile, UMLH moved ∼1.5 m postseismically toward the trench over the decade, which was 30-40% of the coseismic horizontal motions of R174 and R175 and nearly parallel to their coseismic directions (Figure 5a 2 Sumatra-Andaman earthquake. Coseismic offsets are from this study or compiled by Banerjee et al. [2007] . Three different vector scales are used to indicate deformation across three orders of magnitude. For clarity, error ellipses are only plotted for this study, representing 95% confidence levels. Closed contours show areas of coseismic slip ≥ 1 m for the Sumatra-Andaman earthquake [Chlieh et al., 2007] . Focal mechanisms taken from the global centroid moment tensor (gCMT) catalog [Ekström et al., 2012] are shown at their respective gCMT locations with thin lines connecting them to their ANSS epicenter locations. Light blue and white circles are active and inactive stations during the event.
In contrast, the postseismic contributions from the 2004 and 2005 earthquakes were comparable at LEWK on the northern tip of Simeulue, which allows the separation of the two earthquakes. Due to the 2004 earthquake, LEWK moved ∼0.7 m postseismically over a decade toward the trench, which amounted to only ∼10% of the coseismic motion of the nearest campaign station R171 [Subarya et al., 2006] (Figure 5a ). The sign of postseismic vertical motion at LEWK was unclear from inspecting the raw time series visually, because the time series were affected by a M w 6.8 event and the 2005 earthquake. However, our best fit slightly favors small postseismic subsidence at LEWK, where a coseismic uplift of 44 ± 12 cm has been suggested by a coral microatoll that was raised partially out of the water during the earthquake [Meltzner et al., 2010] .
UMLH and LEWK were installed almost at the same time, ∼1.5 months after the 2004 earthquake, so they have no pre-earthquake measurements to directly constrain pre-earthquake long-term rates. The LEWK time series can be modeled using a combination of a postseismic transient and a linear trend that represents a long-term rate moderately modulated by postseismic displacement. In contrast, UMLH had larger postseismic displacement that obscured any linear rate. In the end, we chose not to apply any long-term rate to correct the postearthquake time series for UMLH. If any long-term rate had been removed, the amount and shape of postseismic deformation would have changed, but the change should be small compared to the large postseismic displacement at UMLH.
In our analysis, the only station that recorded both coseismic and postseismic deformation from the 2004 earthquake is SAMP, which was installed in Sampali Medan on the east coast of northern Sumatra more than 6 years before the earthquake. Over the first decade after the earthquake, the postseismic horizontal motion 10.1002/2014JB011661 Coseismic offsets are compiled by Banerjee et al. [2007] . Postseismic displacements up to the end of 2013 are from this study. Closed contours show areas of coseismic slip ≥1 m for the Sumatra-Andaman earthquake [Chlieh et al., 2007] . of ∼15 cm roughly equaled the coseismic horizontal motion with trenchward direction changed only slightly, while an uplift of ∼13 cm reversed and largely exceeded the small coseismic subsidence of <1 cm (Figure 5a ).
Although UMLH and SAMP maintained similar coseismic and postseismic horizontal directions, their vertical motions reversed from coseismic subsidence to postseismic uplift. According to satellite imagery Tobita et al., 2006] and one cGPS station ACEH, which was installed a few months after the earthquake [Gunawan et al., 2014] , a similar reversal from coseismic subsidence to postseismic uplift was also recorded in Banda Aceh on the northernmost tip of Sumatra. In addition, similar postseismic trenchward motion and uplift were observed in the Andaman and Nicobar Islands [Paul et al., 2007 [Paul et al., , 2012 Gahalaut et al., 2008] . In contrast, postseismic trenchward motion and subsidence up to 1 cm/yr were observed in Peninsular Malaysia and Thailand [Panumastrakul et al., 2012; Satirapod et al., 2013] .
To explain not all but some of the aforementioned observations, afterslip on the megathrust [e.g., Vigny et al., 2005; Hashimoto et al., 2006; Chlieh et al., 2007; Paul et al., 2007; Gahalaut et al., 2008] , viscoelastic relaxation [e.g., Pollitz et al., 2006 Pollitz et al., , 2008 Han et al., 2008; Einarsson et al., 2010; Hoechner et al., 2011] , and poroelastic recovery [e.g., Ogawa and Heki, 2007; Hughes et al., 2010] that a combination of afterslip and viscoelastic relaxation is necessary to account for all the observations [e.g., Panet et al., 2010; Hu and Wang, 2012; Paul et al., 2012; Satirapod et al., 2013; Gunawan et al., 2014] .
However, the relative contributions from afterslip and viscoelastic relaxation are not well constrained and remain controversial. Determining the relative contributions is particularly important for the region under northern Simeulue and the Simeulue Basin, where a significant amount of strain is potentially still stored along the megathrust after the 2004 earthquake [Meltzner et al., 2010] . Meltzner et al. [2010] speculated that a second earthquake might occur in the coming decades to release this unreleased strain. If deep afterslip predominated the postseismic signal until now, the unreleased strain could have been partially or completely released aseismically. To fully address this question, postseismic models that combine all the available data are needed. Lay et al., 2005; Briggs et al., 2006; Konca et al., 2007; Walker et al., 2005; Ishii et al., 2007] . The nucleation zone was a low-slip region separated along strike by two high-slip patches that have a peak slip of 8 and 11 m, respectively, beneath southern Simeulue and northern Nias [Briggs et al., 2006; Hsu et al., 2006] . Along dip, coseismic slip was concentrated under the fore-arc basins and islands and tapered to zero before it reached the trench [Briggs et al., 2006; Hsu et al., 2006; Konca et al., 2007] .
We detected clear coseismic offsets at all SuGAr stations operating at that time. Our estimates for the SuGAr stations are generally similar to those published by previous studies [Kreemer et al., 2006a; Konca et al., 2007; Prawirodirdjo et al., 2010] (Figure 6 ).
Observed coseismic uplift, up to 2.9 m at LHWA, was concentrated in a narrow trench-parallel belt along the fore-arc islands from southern Simeulue to south of Nias. In contrast, coseismic subsidence from a few millimeters to 1 m was observed across the remainder of the fore-arc region. In the back-arc region near Toba Caldera, coseismic vertical motion was ambiguous, with some campaign stations showing uplift and others showing subsidence [Prawirodirdjo et al., 2010] . The campaign measurements were likely affected by the postseismic We identified noticeable postseismic displacements at 15 stations ( Figure 7 ). In general, stations in the coseismic uplift area had the largest postseismic displacements; however, their cumulative postseismic displacements were still much smaller than their coseismic displacements, even after more than 8 years by the end of 2013. On the contrary, almost all the stations in the coseismic subsidence area had accumulated much larger postseismic displacements than their coseismic displacements, both horizontally and vertically. The postseismic azimuths were either slightly or significantly different from the coseismic azimuths, and the
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postseismic verticals switched to the opposite direction to the coseismic verticals at most stations except at four stations (PSMK, ABGS, MSAI, and PSKI).
The postseismic deformation for the 2005 earthquake has been modeled as afterslip [Hsu et al., 2006; Kreemer et al., 2006a; Hashimoto et al., 2006; Prawirodirdjo et al., 2010] . Using the first 11 months of GPS data, Hsu et al. [2006] found that extensive afterslip occurred updip, downdip, and south of the main rupture patch, in the regions where coseismic slip was small or absent. The existence and extent of the downdip afterslip were only loosely constrained by one single station (SAMP) on mainland Sumatra. When including more campaign stations on mainland Sumatra, Prawirodirdjo et al. [2010] estimated more deep afterslip than did Hsu et al. [2006] . Based on static inversion of incremental displacements in different periods, Prawirodirdjo et al. [2010] suggested afterslip progressed spatially over time. When switching to time-dependent inversion using the Extended Network Inversion Filter, Hsu et al. [2006] showed the spatial pattern of afterslip remained stationary over 11 months. Considering this stationary spatial pattern, Kreemer et al. [2006a] assumed one common decay time for all the time series they used and obtained 6.2 ± 0.1 days as the logarithmic decay time. Conversely, we estimated decay times separately for different stations and found all have short logarithmic decay times of several days to several months (Figure 7b ). Such a short timescale likely indicates the importance of afterslip. Yet the importance of viscoelastic relaxation should not be overlooked.
Although several previous geodetic studies claimed no evidence for viscoelastic relaxation in the GPS time series of less than 1 year after the 2005 earthquake [Hsu et al., 2006; Kreemer et al., 2006a; Hashimoto et al., 2006; Prawirodirdjo et al., 2010] , we found viscoelastic relaxation is important in our much longer records. The strongest evidence for viscoelastic relaxation is that SAMP required a second decay time of 21 ± 5 years to better fit its time series (Figure 7b ). Additionally, PTLO needed a second decay time of ∼4 years ( Figure 7b ). Such a long timescale is difficult to explain with afterslip only, suggesting viscoelastic relaxation as a mechanism. SAMP and PTLO were both installed several years before the 2004 and 2005 earthquakes; thus, their long-term rates can be relatively well constrained. Unfortunately, most other stations were all installed shortly after the 2004 or 2005 earthquake, so their long-term rates can be only roughly estimated using the postearthquake data. A decay with a large timescale resembles a linear trend in a short period; thus, such decay can be easily mapped into long-term rates. This could explain why only SAMP and PTLO required a second long decay time. But SAMP required a much longer decay time than PTLO. We speculate that SAMP probably recorded the viscoelastic effects from both the 2004 and 2005 earthquakes. Even though the short-time effects due to the two earthquakes can be separated using the 3 month time series in between, the long-term effects are almost impossible to be separated when the two occurred so close in space and time. Therefore, the 21 year decay time is probably a combined result of the two earthquakes. Clearly, the postseismic deformation of the 2005 earthquake needs to be reanalyzed by combining afterslip and viscoelastic relaxation.
The 2007 M w 8.4 Bengkulu Earthquake
On 12-13 September 2007, several discrete patches within the Mentawai segment of the Sunda megathrust failed subsequently from southeast to northwest. First, the 2007 M w 8.4 Bengkulu rupture nucleated halfway between Enggano and South Pagai and propagated ∼200 km unilaterally to the northwest; about 12 h later, a deeper M w 7.9 earthquake initiated next to the northeastern edge of the main rupture and jumped ∼130 km farther northwest to northeast of Sipora; another 4 h later, a third M w 7.0 earthquake occurred underneath northern Sipora [e.g., Konca et al., 2008; Borrero et al., 2009] . Coseismic static slip models derived from GPS, interferometric synthetic aperture radar, and coral microatoll measurements showed a patchy slip distribution, with the largest slip of ∼8 m under southern South Pagai and the second largest slip of ∼5 m at ∼ 4 • S near Mega Island, about 70 km northwest of the epicenter [Konca et al., 2008] .
Our coseismic offsets, representing the cumulative effects of these three 2007 earthquakes, are generally consistent with the estimates from Konca et al. [2008] (Figure 8 ). Coseismic trenchward motions were observed at most stations, with the largest reaching ∼1.8 m at PRKB (not BSAT as Konca et al. [2008] stated). However, four island stations (MSAI, BTET, PBJO, and MLKN) far along strike from the megathrust rupture moved several millimeters to several centimeters, nearly parallel to the trench and away from the rupture source. Coseismic uplift was measured at most island stations except at the four aforementioned stations. The maximum GPS uplift was 0.75 m at BSAT from this study, while the maximum coral uplift was 1.3 m on Mega Island [Konca et al., 2008] . In contrast, widespread coseismic subsidence was observed at all mainland stations, from 19 cm at MKMK to 5 mm at ABGS, except at JMBI where almost zero vertical change was recorded. We identified notable postseismic displacements at 18 stations ( Figure 9 ). The cumulative postseismic displacements by the end of 2013 were smaller than the coseismic displacements at most stations except for five stations far from the rupture (BTET, MSAI, MLKN, JMBI, and NTUS). Postseismic horizontal motions roughly continued in the same coseismic directions except that MLKN shifted its direction of motion counterclockwise 90
• toward the northwest. Postseismic uplift was found at most stations in our analysis. As opposed to our results, postseismic subsidence was previously reported for all the stations based on the first 15 months of data [Lubis et al., 2013] . In comparison with the 2004 and 2005 earthquakes for which postseismic uplift was found near the main ruptures, it is difficult to explain why the 2007 earthquake caused only postseismic subsidence. Because incorrect vertical values were used when concluding that the poroelastic, afterslip, and viscoelastic effects are all necessary to be considered for the 2007 earthquake [Lubis et al., 2013] , this conclusion may or may not hold. In our analysis, we discovered logarithmic time decays ranging from several days up to several years, likely indicating different mechanisms ( Figure 9b ).
Next, we move on to discuss MLKN, which sits on the southernmost island of the Sumatran fore arc, Enggano. The motion of MLKN after the 2007 earthquake was anomalous with a clear abrupt rate change in both horizontal and vertical components before and after the 2007 earthquake. Especially, the subsidence rate changed from 5.3 ± 0.5 mm/yr to 9.4 ± 0.2 mm/yr. We could not fit such an abrupt rate change well using either one or two logarithmic decays that had reasonable decay times. An extremely large decay time of more than 5000 years was always needed if we did not include a rate change term. Because the azimuth of the horizontal rate change pointed toward the northeast and the subsidence rate increased (Figure 9a ), the rate change could reflect aseismic slip on the Mentawai back thrust or enhanced coupling on the megathrust after the 2007 earthquake. Some change may also have occurred after the 2000 M w 7.9 Enggano earthquake, because the horizontal motion of Enggano changed from more northerly in the period of 1991-2001 to almost trench-parallel in the period of 2001 to 2007 [Prawirodirdjo et al., 2010] . It is possible that the 2000 earthquake caused some patch near Enggano to have a period of slipping freely, which was terminated by the 2007 earthquake.
In conclusion, the 2007 sequence caused several patches within or outside the main rupture to slip separately at different speeds and in different periods. This complex spatiotemporal slip history needs to be better understood.
The 2012 M w 8.6 Wharton Basin Earthquake
The 2012 M w 8.6 Wharton Basin earthquake occurred in the oceanic plate within a diffuse deformation zone between the Indian and Australian subplates, followed 2 h later by a M w 8.2 aftershock that occurred ∼180 km to the south. The main shock was the largest instrumentally recorded strike-slip and intraplate earthquake. This event was remarkably complex, involving many fault segments with ruptures potentially extending through the thin oceanic crust and penetrating significantly into the uppermost mantle [Yue et al., 2012; Meng et al., 2012; Duputel et al., 2012; Wei et al., 2013; Hill et al., 2015] . Whether the majority of moment release for this event was on the old prominent NNE trending left-lateral faults or young unmapped WNW trending right-lateral faults has been debated, with some studies preferring the former [e.g., Satriano et al., 2012; Wei et al., 2013; Geersen et al., 2015] and others preferring the latter [e.g., Yue et al., 2012; Duputel et al., 2012; Hill et al., 2015] .
Even though this earthquake occurred far west of Sumatra, with its distance to the SuGAr stations ranging from 300 to 1300 km, the whole SuGAr network recorded clear static coseismic displacements, with the largest FENG ET AL. GEODETIC EARTHQUAKE CATALOG FOR SUMATRA horizontal motion up to ∼28 cm and subsidence up to ∼4 cm on the island of Simeulue (Figure 10 ). The static GPS displacements were particularly sensitive to the fault strike orientation and showed a strong preference for the WNW trending faults [Hill et al., 2015] .
All the SuGAr stations north of the equator recorded clear postseismic transients after the 2012 earthquakes ( Figure 10 ). Most of them moved northeastward both coseismically and postseismically. The Simeulue stations (LEWK, BNON, and BSIM) reversed their coseismic subsidence to postseismic uplift, while the stations near the equator (HNKO, BTHL, PSMK, PTLO, and BTET) changed from nearly no coseismic vertical motion to postseismic subsidence. The stations near the equator were in a transition zone with small postseismic deformation, and thus, the postseismic signals became difficult to detect with data of less than 2 years. We therefore remain cautious about the magnitude of the subsidence; however, the subsidence itself seems to be real based on the current data. The postseismic deformation of the 2012 earthquakes provides a rare opportunity to investigate the frictional and viscoelastic responses of the oceanic lithosphere. et al., 2005] ; however, the uplift pattern of this earlier event was documented only by coral microatolls. The coral uplift pattern of the two earthquakes differed appreciably, suggesting the rupture patches were not identical but closely spaced [Meltzner et al., 2010 [Meltzner et al., , 2012 . Nevertheless, the two earthquakes both occurred within the Simeulue Saddle, where minimal slip occurred during the great 2004 and 2005 earthquakes.
Large Earthquakes
The other two events occurred in 2010 only 1 month apart. First, the 6 April M w 7.8 Banyak Islands earthquake occurred near the low-slip region of the 2005 Nias-Simeulue coseismic rupture (Figure 11c) . Second, the 9 May M w 7.2 Simeulue earthquake occurred near the southern terminus of the 2004 Sumatra-Andaman rupture (Figure 11a ). Coseismic displacements were recorded at several stations for the two 2010 events with the largest at PBLI for the April event and at LEWK for the May event.
All three of these events generated detectable postseismic deformation recorded by one or more stations (Figures 11d-11f ) . The 2008 M w 7.4 and 2010 M w 7.2 events had similar logarithmic decay times of several weeks, while the largest event had three scales of decay times from several days, several months, to about 1 year. The relative importance of poroelastic, afterslip, and viscoelastic effects is still largely unknown.
GPS observations for these three earthquakes have never been published elsewhere; thus, our results provide new information about the location, slip distribution, and postseismic process of these earthquakes.
The 2008 M w 7.2 North Pagai Earthquake
The 25 February 2008 M w 7.2 North Pagai earthquake occurred in a patch with no slip between the northern and southern coseismic slip patches of the 2007 Bengkulu earthquake sequence (Figure 12a ). According to the ANSS catalog, the North Pagai earthquake was accompanied by an earthquake sequence that began on 19 February 2008 and lasted for about 20 days. The earthquake sequence included one M w 6.5 foreshock and three M ≥ 6 aftershocks, two of them on the same day as the North Pagai earthquake. This sequence was recorded by an onland temporary seismic array deployed between December 2007 and October 2008 [Collings et al., 2012] . Using these local seismic data, Collings et al. [2012] showed that the North Pagai earthquake and its aftershocks occurred on the slab interface.
Our results, as the first GPS observations published for this event, show that nine SuGAr stations moved trenchward during this earthquake, confirming the megathrust origin (Figure 12a ). In addition, four SuGAr stations (PPNJ, KTET, SMGY, and SLBU) recorded clear postseismic transients (Figures 12b-12d) .
The 2009 M w 7.6 Padang Earthquake
The 2009 M w 7.6 Padang earthquake was a deep (∼80 km) intraslab event that appears to have occurred within the lower part of the subducting slab and may have even penetrated into the mantle part of the slab [McCloskey et al., 2010; Wiseman et al., 2012] . The focal mechanism rotated to the local dip of the slab indicated a slightly oblique strike-slip event, with either right-lateral motion along an E-W plane or left-lateral motion along a N-S plane [McCloskey et al., 2010] . Neither seismic data nor GPS data could resolve the nodal plane ambiguity, while aftershock activity was more closely aligned with the E-W plane [McCloskey et al., 2010; Wiseman et al., 2012] . No postseismic transients could be found in the SuGAr data for this earthquake [this study ; Wiseman et al., 2012] , making it the only M ≥ 7 earthquake that did not generate any detectable postseismic signals.
Compared with megathrust earthquakes, the 2009 Padang earthquake produced coseismic deformation in a much wider area with respect to its magnitude. The affected area extended ∼800 km along strike from BITI to MNNA (Figure 13 ). However, the deformation gradient was much smaller than that of megathrust earthquakes. Using the epicenter as the origin, horizontal motions toward the epicenter were recorded by stations in the northwest and southeast quadrants, while horizontal motions away from the epicenter were recorded by stations in the southwest and northeast quadrants. This pattern of horizontal deformation was consistent with the strike-slip focal solution, while vertical motions were uplift at most island stations and subsidence at most coastal stations.
Our coseismic offsets generally agree well with those published by Wiseman et al. [2012] , but we include eight more SuGAr stations, mainly in the northwest and southeast quadrants ( Figure 13 ). With these additional stations, resolving the nodal plane ambiguity might become possible.
Two stations (LNNG and MKMK) exhibited unusually large displacements ( Figure 13 ). These large displacements were caused by a M w 6.6 strike-slip event on the Sumatran fault that occurred about 16 h after the Padang earthquake. Thus, if the daily solutions are used, the coseismic deformation field of the Padang earth- [Rivera et al., 2002] . Black dashed boxes delineate the inferred subducted fracture zones underneath Simeulue [Franke et al., 2008] and Batu Islands [Pesicek et al., 2010] based on seismicity. Orange circles denote SuGAr stations. (b-n) Coseismic offsets recorded at SuGAr stations for each of the 13 earthquakes, individually, using the same map and vector scales. Error ellipses represent 95% confidence levels. Orange and white circles are active and inactive stations during the event.
quake would have been influenced by this strike-slip event, in particular, at LNNG, MKMK, LAIS, MNNA, and JMBI. Wiseman et al. [2012] removed coseismic offsets associated with this M w 6.6 earthquake for LNNG; however, they did not report values for any other affected stations.
The 2010 M w 7.8 Mentawai Earthquake
The 2010 M w 7.8 Mentawai earthquake was classified as a tsunami earthquake, because it produced an anomalously large tsunami compared to its magnitude [Newman et al., 2011; Lay et al., 2011; Bilek et al., 2011; Hill et al., 2012; Satake et al., 2012; Yue et al., 2014] . The coseismic rupture of this event occurred along a near-trench portion of the Sumatran megathrust west of the Mentawai Islands [Hill et al., 2012; Yue et al., 2014] . This event was so shallow that the majority of the coseismic slip concentrated at depths of <6 km, an area of the megathrust previously thought to be creeping and not capable of generating large slips [Hill et al., 2012] .
In general, our daily static coseismic displacements are consistent with those from Hill et al. [2012] ; however, we provide eight more SuGAr estimates in the far field (Figure 14) . The horizontal coseismic motions show a systematic convergence toward the main slip area. Coseismic subsidence was observed at most island stations with the maximum of ∼5.3 cm recorded at BSAT. In contrast, a small coseismic uplift of ≤0.7 mm was observed at most coastal stations except at LAIS.
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These daily static coseismic displacements were considerably larger than the 1 s high-rate kinematic solutions [Hill et al., 2012] . This discrepancy suggests that a large amount of postseismic displacement occurred rapidly within the first day of the earthquake. We identified clear postseismic deformation recorded by 11 SuGAr stations (Figure 15 ). The postseismic displacements of almost all these 11 stations had exceeded their coseismic displacements by the end of 2013. In particular, the vertical postseismic displacements at many sites were several times larger than the coseismic displacements.
Moderate Earthquakes 4.3.1. Northern Moderate Earthquakes
Thirteen moderate earthquakes with magnitudes ranging from 5.9 to 6.8 were recorded by the SuGAr at the equator or north of the equator. None of these 13 moderate earthquakes have been studied using GPS before. They created horizontal displacements of several millimeters to several centimeters and vertical displacements of less than 1 cm at the SuGAr stations.
Of these, 10 were thrust earthquakes that occurred within a narrow curved seismic band along the trenchside coastlines of Simeulue and Nias (Figure 16a ). This curved seismic band became active mainly after the 2005 Nias-Simeulue earthquake [Pesicek et al., 2010] , with most earthquakes within the band being shallowly dipping thrust events on the megathrust . The ANSS seismicity locations in this band approximately follow the 20 km depth slab contour, passing beneath Simeulue and immediately west of Nias ( Figure 16a) ; however, these teleseismic locations have relatively large uncertainties that can be up to tens of kilometers horizontally [Dewey et al., 2007; Tilmann et al., 2010] . Our near-field GPS observations provide independent information about the locations. We find coseismic subsidence of Simeulue during five events (Figures 16b and 16d-16g ), suggesting these five moderate ruptures occurred seaward of Simeulue. This is similar to what Tilmann et al. [2010] found for local seismicity, which was absent beneath Simeulue but concentrated seaward of Simeulue [ Figure 2 in Tilmann et al., 2010] .
The 14 May 2005 M w 6.7 event occurred at the boundary of a NNE-SSW trending linear seismic band which extends and deepens from north of the Batu Islands to north of Toba Caldera (Figure 16a ). This linear seismic band is less pronounced in the ANSS catalog as shown in Figure 16a but has been well imaged by both local earthquake locations and teleseismic double-difference relocation and inferred to reflect the subducted prolongation of the Investigator Fracture Zone (IFZ) [Fauzi et al., 1996; Lange et al., 2010; Pesicek et al., 2010] . The nature of seismicity along the subducted IFZ is currently unknown using available focal mechanism solutions [Pesicek et al., 2010] . The 14 May 2005 event had a thrust focal mechanism with a depth of 39 (gCMT) or 34 km (ANSS). These seismological observations cannot distinguish between the two ambiguous focal planes; however, the southsoutheastward and upward motions of PTLO and PBAI suggest this event more likely to be a megathrust earthquake (Figure 16n ). Although the ANSS location appears to be inside the IFZ, it is also possible that this event was on an undisrupted megathrust patch immediately northwest of where the IFZ disrupts the megathrust. (Figure 16a ). This event was a strike-slip event with a depth of 12 (gCMT) or 20.9 km (ANSS). According to the southwestward motion of PSMK (Figure 16m ), this event is a left-lateral strike-slip earthquake. However, we cannot distinguish whether this event was within the overlying accretionary wedge, the uppermost part of the slab, or the subducting oceanic crust. Nevertheless, its close relationship in space and time to the 2005 earthquake and the left-lateral mechanism on a NE-SW trending plane suggest this M w 6.1 event was possibly a result of strain relaxation at the boundary of the 2005 rupture.
The 16 May 2006 M w 6.8 event occurred very close to the Sunda trench at a shallow depth, representing a cluster of similar strike-slip events (Figure 16a ). It is difficult to distinguish whether this event occurred in the outer rise of the subducting plate or in the accretionary wedge of the overriding plate. In either case, this event probably occurred in response to some preexisting oceanic plate fabric that is or close to being subducted. Outboard of the trench in the Wharton Basin, where the oceanic seafloor has not been subducted, the most prominent fabrics are N-S trending fracture zones and E-W trending ridge segments of the fossil Wharton spreading center [Deplus et al., 1998; Jacob et al., 2014] . Some of the N-S trending fracture zones have been locally reactivated as left-lateral strike-slip faults [Deplus et al., 1998; Graindorge et al., 2008] ; meanwhile, active deformation along the near-conjugate E-W trending planes has also been suggested by the 2000 M w 7.8 Wharton Basin earthquake [Robinson et al., 2001] enough displacement; its northeastward horizontal motion is too equivocal to distinguish which of the two planes was active during this event (Figure 16l ).
Southern Moderate Earthquakes
Seven moderate earthquakes with magnitudes in the range of 6.0-6.7 were recorded by the SuGAr south of the equator. Among these seven moderate earthquakes, to the best of our knowledge, only the 10 April 2005 and 16 August 2009 M w 6.7 back thrust earthquakes have been studied before [Wiseman et al., 2011] . Compared to the northern moderate earthquakes, even though the southern moderate earthquakes have a smaller range of magnitudes, they have larger variations in displacements.
The 6 March 2007 M w 6.4 event and 2 h later another M w 6.3 earthquake occurred along two adjacent segments of the Sumatran fault near Padang [Nakano et al., 2010; Daryono et al., 2012] . This 2007 doublet was not the first one in this section; doublets have repeatedly occurred in 1926, in 1943, and perhaps in 1822 [Untung et al., 1985; Sieh and Natawidjaja, 2000; Prawirodirdjo et al., 2000; Daryono et al., 2012] . The surface ruptures of the two events, as mapped in the field, had average total offsets of 56 and 40 cm, respectively, with some vertical motion [Daryono et al., 2012] . Two SuGAr stations (TIKU and PSKI) recorded the combined effect of this doublet with ∼1 cm horizontal and little vertical displacement (Figure 17b ).
The 10 April 2005 M w 6.7 and 16 August 2009 M w 6.7 events occurred close to each other immediately east of southern Siberut (Figure 18a ). They distinguished themselves by unusual large landward horizontal coseismic motions (Figures 17c and 17d ). This deformation pattern can be only reasonably explained by a back thrust on the Mentawai fault [Wiseman et al., 2011] . Whether the Mentawai fault is mainly a strike-slip or thrust fault was previously in high debate [e.g., Diament et al., 1992; Malod and Kemal, 1996; Samuel and Harbury, 1996; Sieh and Natawidjaja, 2000] . However, these two recent earthquakes provide strong support for the Mentawai fault to be an active back thrust [Wiseman et al., 2011] .
These two earthquakes were the main shocks in two back thrust earthquake sequence. The 2005 sequence started gradually after the 2005 Nias-Simeulue earthquake and accumulated to an equivalent M w 6.9 earth- [Wiseman et al., 2011] . The reported depths of the 2009 sequence were ∼10 km, much shallower than the ∼30 km depths of the 2005 sequence.
We find a small but clear postseismic transient at NGNG associated with the 2005 back thrust sequence (Figures 18b-18d ). Due to this sequence, NGNG has accumulated postseismic horizontal motion of ∼5 cm and vertical motion of ∼2.5 cm by the end of 2013. Initially, we attributed this signal to the M w 8.6 Nias-Simeulue earthquake. However, we excluded this possibility based on the following reasons. First, the 10 April 2005 back thrust event coseismically generated 10 cm landward horizontal motion and 2 cm subsidence at NGNG (Figure 18a ), while the Nias-Simeulue earthquake only generated 1 cm southeastward motion and almost no vertical motion ( Figure 6 ). Although the Nias-Simeulue earthquake was 19 times larger than the back thrust event, the back thrust event created 10 times larger deformation at NGNG locally. Second, the eastward postseismic motion could not fit into the postseismic deformation field of the Nias-Simeulue earthquake (Figures 7a and 18a) . Third, the postseismic motion at NGNG was larger than at two stations (MSAI and PSKI) closer to the Nias-Simeulue rupture. We did not find any obvious postseismic signals that can be associated (Figure 17a) , where a local maximum of uplift was documented during the 2007 Bengkulu earthquake. This event was a thrust event with a depth of 15 (gCMT) or 22 km (ANSS). This event could be a thrust earthquake on the megathrust or on a splay fault within the fore arc. The trenchward motions of BSAT and PRKB can rule out the possibility of this event being a back thrust event (Figure 17g ). If we combine the evidence from focal mechanisms, this event was most likely on the megathrust. BSAT recorded subsidence of 8.5 mm, while PRKB recorded little subsidence (Figure 17g ), suggesting the rupture patch was seaward of South Pagai. If this event indeed took place on the megathrust seaward of South Pagai, the rupture patch would coincide with one of the high-slip areas in the 2007 coseismic slip models (Figure 8 ). Such coincidence would suggest some patches within a large rupture could hold off during the main earthquake and fail at a later time.
The 4 January 2008 M w 6.0 event occurred close to the west coast of Sumatra (Figure 17a ). This event was a thrust event with a depth of 46.1 (gCMT) or 35 km (ANSS). MKMK recorded a small seaward horizontal motion and a negligible vertical motion (Figure 17h ). We infer that the event could be on the deeper portion of the megathrust or on a reverse fault within the overriding plate.
Discussion
Earthquake Detection Performance
The smallest event in our catalog was a M w 5.9 event. During the observation period from 5 August 2002 to 31 December 2013, the ANSS catalog documented a total of 141 earthquakes with magnitudes ≥5.9 in the broad Sumatran plate boundary region (gray stars in Figure 3 ). However, among the 141 events, the SuGAr network recorded only 30 with a detection rate of 21%. Most of the undetected events were too far away from an active GPS station to be recorded ( Figure 19 ). Some of the undetected earthquakes had large magnitudes and were close enough to active stations, but they could not be separately cataloged because they were shadow events that occurred too close to another larger event in time for our daily solutions (Table S1 ). Figure 19 shows the detection performance of the SuGAr network based on the relationship between magnitude and station-epicenter distance. Although the epicenter locations could be shifted horizontally by up to tens of kilometers [Dewey et al., 2007; Tilmann et al., 2010] , one can still use Figure 19 to roughly estimate within what distance deformation can be expected for a certain magnitude. However, one has to bear in mind other factors, such as focal mechanism, earthquake depth, rupture area, and azimuth of stations with respect to rupture patches.
Logarithmic Decay Times
In total, our catalog records 72 first (or single) and 18 second logarithmic decay times. The smallest decay time is 0.001 year (half a day) obtained for the postseismic deformation of LEWK associated with the 2005 Nias-Simeulue earthquake. This extremely short decay time is likely an outlier biased by other earthquakes, because LEWK recorded not only the 2004 Sumatra-Andaman earthquake but also a M w 6.8 event within 3 months prior to the 2005 earthquake. Excluding this outlier, the smallest decay time is 1 day obtained for cases where a second decay is included. For cases where a single decay is used, the smallest decay time is 2-3 days. The largest decay time is 21 years obtained for the postseismic deformation of SAMP, which was probably affected by both the 2004 Sumatra-Andaman and 2005 Nias-Simeulue earthquakes (section 4.1.2). In summary, the logarithmic decay times span a wide range from several days to more than 20 years. Such a wide range of decay times and the need for a second decay time are likely due to different postseismic mechanisms. Even for one earthquake, decay times also vary largely between stations, suggesting that contributions from different postseismic mechanisms need to be assessed before we can safely neglect any of them.
In order to test whether the difference in postseismic decay time can be related to the difference in some earthquake parameters, we searched the statistics of our database for relationships of decay time with We find some correlation between earthquake magnitude and decay time (Figure 20a ). Smaller earthquakes tend to have a narrower range of decay times, while larger earthquakes tend to have a wider range and a long second decay time. However, this correlation might be related to the fact that one decay time is usually sufficient for relatively small earthquakes, while two different decay times are often required for large earthquakes (M ≥ 7.8).
We find no clear correlations for decay time with the other parameters that we tested (Figures 20b-20f ). One explanation for no clear correlations is that there is genuinely no difference in the postseismic response to earthquakes of different depths or along-strike locations, but this seems contrary to our expectation for a greater level of viscoelastic deformation from, for example, earthquakes nucleating at greater depths. Another explanation is that this is simply a sampling issue, and to identify any pattern or correlation will require more stations and even longer records. Alternatively, a pattern or correlation may exist for signals that are solely related to one postseismic mechanism, for example, afterslip or viscoelastic relaxation. The lack of a clear pattern or correlation could reflect remaining difficulties in separating the signals of afterslip from viscoelastic deformation. We thus remain cautious about our results showing no correlation for the different decay times in that the postseismic processes are possibly affected by multiple variables that may not be easy to quantify.
Postseismic Velocity Time Series
Our catalog documents a total of 72 postseismic displacement time series that have seasonal signals, long-term rates, offsets, and postseismic decays of all other earthquakes removed. By calculating the gradient of the fits to these 72 postseismic displacement time series, we derived postseismic velocity time series (Figure 21 ). In general, the postseismic velocity is high in the first few months after an earthquake and gradually decays to nearly zero (within the data noise) over the next few years or tens of years. In the beginning of the postseismic process, the postseismic velocity could be as high as 4-6 m/yr for horizontal and 1-2 m/yr for vertical; after 5 years, the postseismic velocity normally decreases to less than 3 cm/yr for horizontal (Figure 21a ) and less than 1 cm/yr for vertical (Figure 21b) . How fast the postseismic velocity decays likely depends on the magnitude of the earthquake. After the 2005 M w 6.7 moderate earthquake, it took NGNG only about 2 years to reach a millimeter per year velocity level (the single red line in Figures 21a and 21b) ; however, after the 2004 M w 9.2 great Sumatra-Andaman earthquake, UMLH gradually accelerated to an uplift rate of ∼3 cm/yr within 1 year, and since then, it has been uplifting at a rate of ∼3 cm/yr and has not shown any sign of slowing down (section 4.1.1). Such high postseismic velocity after a decade of the earthquake demonstrates how 
Conclusion
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